allostery ͉ chaperonin GroEL ͉ potassium ion ͉ timing mechanism M uch mechanistic and structural information related to the operation of the chaperonin nanomachine has accumulated (1-11). As with many other cellular machines, the chaperonin nanomachine has evolved to operate at variable speed in response to biological demand. This implies the presence of one or more timing devices or switches that govern the cycling of the machinery through the various functional and conformational states. In the presence of GroES, the two rings of GroEL operate 180°out of phase with one another in the manner of a two-stroke, reciprocating motor (1, 2). A complete chaperonin cycle consequently consists of two hemicycles and two reciprocal resting states (12).
allostery ͉ chaperonin GroEL ͉ potassium ion ͉ timing mechanism M uch mechanistic and structural information related to the operation of the chaperonin nanomachine has accumulated (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . As with many other cellular machines, the chaperonin nanomachine has evolved to operate at variable speed in response to biological demand. This implies the presence of one or more timing devices or switches that govern the cycling of the machinery through the various functional and conformational states. In the presence of GroES, the two rings of GroEL operate 180°out of phase with one another in the manner of a two-stroke, reciprocating motor (1, 2) . A complete chaperonin cycle consequently consists of two hemicycles and two reciprocal resting states (12) .
In the accompanying article (12), we used stopped-flow FRET experiments to monitor the association and dissociation of GroES to and from the asymmetric, resting-state complex comprising (GroEL cis -[ADP]-[GroES]/GroEL trans -ADP), where the square brackets indicate ligands that are not free to exchange with unbound ligand. We showed that the dominant timing mechanism is located on the trans ring. This timer is regulated by allosteric transitions in the trans ring that are both responsive to the nucleotides ADP and ATP, the potassium ion, and substrate protein (SP) and which are communicated to the cis ring. Here, our focus is on the hydrolysis of ATP. We show that the steady-state hydrolysis of ATP is largely governed by the trans ring timer and its response to the nucleotides ADP and ATP, K ϩ , and SP. We also show, paradoxically, that the hydrolysis of ATP in the newly formed cis ring is largely indifferent to the presence of encapsulated SP and to variations in [K ϩ ] that have profound effects on the rate of ATP hydrolysis in the steady state.
Results and Discussion
Steady-State ATP Hydrolysis. The effects of potassium and substrate protein in the presence and absence of GroES. In previous work on the effects of K ϩ on ATP hydrolysis by GroEL (13, 14), we concluded that K ϩ enhanced the affinity of GroEL for ATP. In retrospect, these results were compromised by our failure to appreciate that exceptional methods must be adopted to remove the ensemble of denatured protein that typically binds to standard preparations of GroEL. See supporting information (SI) Text for a commentary on this problem. It is only possible to reveal the details of nested allostery (15, 16) with GroEL that has been stripped of contaminating SP.
The double-ringed GroEL displays two forms of cooperativity with respect to ATP; positive cooperativity between the subunits of the same ring and negative cooperativity between the subunits of different rings (15) . To unambiguously define the role of K ϩ in ATP hydrolysis we used the single-ringed variant of GroEL, namely SR1 (17) . The effects of K ϩ ion on the hydrolysis of ATP by this simplified system are shown in Fig. 1A and Table 1 and unequivocally establishes that K ϩ enhances the affinity of the system for ATP without increasing the maximal rate of hydrolysis ( Fig. 1 A and C) . This result is consistent with structural studies that place the K ϩ in contact with the ␣-phosphate of the nucleotide (18) . Addition of SP (15 M ␣-LA), which can stimulate the maximal rate of ATP hydrolysis by the doubleringed GroEL by up to 10-fold, does not stimulate ATP hydrolysis by SR1 at all (Fig. 1C) .
The effect of K ϩ on steady-state ATP hydrolysis by doubleringed GroEL. is more complex (Fig. 1B) 1B) and presence of GroES (Fig. 1D ). This is due to an increase in the affinity of the trans ring for the product ADP as [K ϩ ] is increased. This prolongs the residence time of product ADP bound to the trans ring and hence decreases the rate of ATP hydrolysis by GroEL alone. This is consistent with evidence that ATP hydrolysis cannot occur when ADP is bound to the opposite ring (19) . Substrate protein overcomes the inhibitory effects of increasing [K ϩ ] by shifting the allosteric equilibrium toward the T state that has a lower affinity for nucleotide than the R state ( (Fig. 1D) . However, the absolute rates of ATP hydrolysis in the presence of GroES remain inversely proportional to [K ϩ ]. The dissociation constants for the binding of ADP to GroEL have been determined by isothermal titration calorimetry to be 300 M at 10 mM K ϩ , 36° (20) . We have measured the dissociation constant for the binding of ADP to the trans ring of the asymmetric complex (GroEL cis -[ADP]-[GroES]/GroEL trans ) from the amplitudes of the fast phase of cis-GroES release (12) and find it to be almost two orders of magnitude smaller (1.7ϩ/Ϫ0.4 M at 100 mM K ϩ , 36°C). We attribute this difference to the fact that GroES on the cis ring of GroEL shifts the allosteric equilibrium of the trans ring toward the R conforma- (24) to monitor the hydrolysis of ATP in stopped-flow experiments, initiating the reaction with either the resting-state complex, with ADP bound to the trans ring (i.e., trans GroEL R -ADP) or with the asymmetric complex lacking ADP bound to the trans ring (i.e., trans GroEL T ). In the latter case, a burst of Pi formation, followed by a linear phase, was evident ( Fig. 2A) . The kinetic data were described by the sum of a single exponential with a rate constant of 0.34 Ϯ 0.03 s Ϫ1 and a linear term (Fig. 2 A) . This rate is similar to that reported for the burst in ATP hydrolysis that follows the binding of GroES to GroEL alone (1, 11, 22, 25) . The amplitude of the burst phase corresponded to 5.1 Ϯ 0.3 mol of Pi per mole of GroEL 14 , slightly less than the seven expected. When hydrolysis was initiated with the resting-state complex, with ADP bound to the trans ring, the burst phase of Pi release was almost completely absent (Fig. 2 A; see also ref. 22) . A small burst corresponding to Ϸ0.5 mol of Pi per mole of GroEL 14 remained, followed by a linear rate of Pi production. In the absence of added SP, the linear rate was independent of the species used to initiate the reaction.
We then explored the consequences of added SP on the kinetics of Pi production initiating the reaction with trans GroEL T . When supplemented with 0.5-1.0 mol of ␣-lactalbumin per mole of GroEL 14 , no change in the amplitude or rate constant of the burst phase was detected. However, an increase in the linear, steady-state rate of Pi production was evident ( Fig. 2 A and B) . For this to be observed, it is imperative to use GroEL of the highest purity.
It should be noted that the burst of Pi production originates in the newly formed cis ring. The lack of effect of added SP, which becomes encapsulated during the formation of the cis ring, indicates that the presence or absence of SP in the cis ring does not influence in any way the hydrolysis of ATP in that ring.
Over the limited range it is possible to explore, the relative stimulation of the linear phase of ATP hydrolysis by added SP, observed in the stopped-flow PBP experiments, matches the stimulation of ATP hydrolysis observed in conventional steadystate, coupled assays (Fig. 2B Inset) . In the absence of added SP, the absolute steady-state rate of ATP hydrolysis by GroEL in the presence of GroES (30°C, 100 mM K ϩ , 1 mM ATP) corresponds to 0.49 Ϯ 0.02 min Ϫ1 This is stimulated 17-fold by the presence of 25[␣-lactalbumin]/GroEL 14 to 8.5 min Ϫ1 (Fig. 1D) . In turn, this is approximately half the rate observed in the absence of GroES but in the presence of 25[␣-lactalbumin]/GroEL 14 when ATP hydrolysis is unrestrained. Note that the rate of ATP hydrolysis by the cis ring determined during the burst phase, corresponds to Ϸ20.4 min Ϫ1 , a rate only slightly in excess of the unrestrained, steady-state rate of ATP hydrolysis. Influence of allosteric ligands: Potassium ion. The negativecooperativity characteristic of ATP hydrolysis by GroEL is manifested as the decrease in activity as [ATP] is increased at constant [K ϩ ] (7). Because K ϩ increases the affinity for ATP, allosteric theory requires that negative cooperativity also be manifested by a decrease in activity as [K ϩ ] is increased at constant [ATP] . This has been demonstrated for GroEL alone and in the presence of GroES (Fig. 3) .
The effects of varying [K ϩ ] on the kinetics of ATP hydrolysis in the stopped-flow PBP assay were studied, initiating the reaction with the asymmetric complex devoid of trans ADP (Fig.  3) . A burst of this range (Fig. 3) . Over the limited range it is possible to explore, the stimulation of the linear phase of ATP hydrolysis by reducing [K ϩ ], observed in the stopped-flow PBP experiments, matches the stimulation of ATP hydrolysis observed in conventional steady-state, coupled assays under identical conditions (Fig. 1D) . A different perspective on the origin of negative cooperativity. The currently accepted model for nested cooperativity advanced by Horovitz et al. (7) makes an arbitrary assumption to explain the decline of ATPase activity observed at higher [ATP], the hallmark of negative cooperativity. This is that the activity of a GroEL ring in the R conformation is greater when the distal ring is in the T conformation (i.e., T 7 R 7 ) than when the distal ring is in the R conformation (i.e., R 7 R 7 ). Our results offer a different perspective on the origin of negative cooperativity. It rests in large part on the dramatically different time scales for the release of cis GroES observed when the trans ring is unliganded and when it is occupied by ADP and on the influence of the allosteric ligands K ϩ and SP on that process. Ligands such as K ϩ that increase the affinity for nucleotide and that consequently enhance the population of trans rings in the R conformation, delay the formation of the ATP acceptor state trans GroEL T , prolong the MRT of cis GroES and hence increase the mean hemicycle time. On the other hand, ligands such as SP, which bind preferentially to the T state, accelerate the formation of the ATP acceptor state trans GroEL T , decrease the MRT of cis GroES and consequently decrease the mean HCT. In this scenario, it is not necessary to make any arbitrary assumptions concerning the activity of GroEL rings in the R conformational state. This perspective is further supported by our finding that the rate constant describing the hydrolysis of ATP in the newly formed cis ring is independent of [K ϩ ] and [SP] over a range of concentrations where effects on the steady-state rate are quite evident.
The GroEL-GroES nanomachine: A two-stroke motor with two timers but one committed step. Our simplified view of the chaperonin nanomachine as a cellular reciprocating motor in which the two rings operate 180°out of phase with one another (2) can now be embellished with timing mechanisms of which there are two. One of these timers, located on the trans ring, governs the speed at which the machinery progresses through the various functional and conformational states. It is a variable timer that responds to biological demand; it adjusts the cycling time in response to unfolded SP, to the [ADP]/[ATP] ratio and to other factors such as [K ϩ ]. Most importantly, it controls the length of time an SP remains encapsulated to Ϸ4 s at 30°.
The second timer, located in the cis ring, follows a committed step and involves an irreversible step, the hydrolysis of ATP. The large, concerted domain movements that accompany encapsulation sequester MgATP and commit it to hydrolysis (1) (Figs. 2 and 3) .
Ueno et al. (11) have also proposed a two-timer mechanism. They locate both timers on the cis ring, whereas our analysis locates timers on both the trans and the cis rings. The two analyses, which approach the problem from altogether different perspectives, are not necessarily discordant. Ueno et al. (11) do not consider events on the trans ring but dissect the events on the cis ring into two steps, which they refer to as ''the ATP transition'' and ''the ADP transition.'' Our analysis of ATP hydrolysis on the cis ring does not permit us to draw such mechanistic conclusions or to refute them. However, it is the response of the trans ring to ligands such as SP, ADP, and [K ϩ ] that drives the machine to its speed limit. What can happen is not what does happen. The encapsulated SP is ejected regardless of whether it has folded or not (1) . Only occasionally does the SP emerge in the folded state. It is possible to remove the trans timer completely, as is the case with the single-ringed variant SR1. Without the trans-ring timer, SP remains perpetually encapsulated. Unsurprisingly, it folds, as Anfinsen taught us to expect. However, such experiments merely tell us what can happen when the timer is set to infinity. They don't tell us what does happen in reality when the timer is set to Ϸ4 s. Then, the SP is released, recaptured, and reencapsulated over and over again, during which work is done on the SP (26, 27) as it is subjected to multiple rounds of misfolding and unfolding. We refer to this as iterative annealing (3, 28) that is simply a biological example of a well known and widely used principle of optimization (29) .
Materials and Methods
Purification of Recombinant Proteins. GroES and GroEL, free of tryptophancontaining contaminating protein, were prepared as reported (12) . The single-ringed variant SR1 was purified by following an established protocol (17) . Native PAGE and gel-filtration chromatography indicate that the purified SR1 was devoid of double-ringed 14-mers. Purification of K ϩ -independent pyruvate kinase E117K (30) and phosphate-binding protein mutant A137C (24) were performed as described. Effects of potassium ion on pre-steady-state ATP hydrolysis by GroEL-GroES complexes. The effect of varying [K ϩ ] on the release of Pi upon adding ATP to the trans ring of the resting-state complex from which the free and trans ring-bound ADP had been removed by gel filtration, monitored by PBP fluorescence (16) . The following [K ϩ ] were used: red 100 mM, green 80 mM, orange 50 mM, blue 30 mM.
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